Abstract-As an alternative to viral methods that are controversial because of their safety issues, chemical and physical methods have been developed to enhance gene expression in tissues. Reversible increase of the cell membrane permeability caused by the electric field-electroporation-is currently one of the most efficient and simple nonviral methods of gene transfer. We performed a series of in vivo experiments, delivering plasmids to rat skin using external plate electrodes. The experiments showed that skin layers below stratum corneum can be permeabilized in this way. In order to study the course of skin tissue permeabilization by means of electric pulses, a numerical model using the finite element method was made. The model is based on the tissue-electrode geometry and electric pulses used in our in vivo experiments. We took into account the layered structure of skin and changes of its bulk electrical properties during electroporation, as observed in the in vivo experiments. We were using tissue conductivity values found in literature and experimentally determined electric field threshold values needed for tissue permeabilization. The results obtained with the model are in good agreement with the in vivo results of gene transfection in rat skin. With the model presented we used the available data to explain the mechanism of the tissue electropermeabilization propagation beyond the initial conditions dictated by the tissue initial conductivities, thus contributing to a more in-depth understanding of this process. Such a model can be used to optimize and develop electrodes and pulse parameters.
INTRODUCTION
Skin covers the entire external surface of human body, is the principal site of interaction with the surrounding world and a protective barrier preventing internal tissues from exposure to trauma, ultraviolet radiation, temperature extremes, toxins, and bacteria. 9 Due to its size and accessibility, skin is an attractive target tissue for a variety of applications, in vivo gene delivery being one of them. It can be used in treatment of skin disorders or for systemic effect to treat diseases of other organs. Skin is also a very good target organ for DNA immunization because of the large number of potent antigen presenting cells, critical for an effective immune response. 2, 27 If necessary, large areas of skin can be treated and can easily be monitored for potential complications.
Unfortunately, the delivery of therapeutic genes to cells and tissues is still a serious bottleneck in gene therapy-based treatments since cell membrane is, in general, impermeable for larger molecules, such as drug molecules or DNA. Viral vectors, although successful in delivering therapeutic genes, pose a safety issue. 3 Therefore, chemical and physical methods have been developed to enhance gene expression in cells. 8 Reversible increase of cell membrane permeability caused by electric field-electroporation-is currently one of the most efficient and simple non-viral methods of gene transfer. 10, 19 Cell membrane is permeabilized when the threshold transmembrane voltage is reached, i.e., when the external electric field is above the threshold value. Induced transmembrane potential depends on cell and tissue parameters (tissue conductivity, cell size, shape, and distribution) 12, 20, 22 and pulse parameters (pulse duration, amplitude, and number of pulses). 24 After treatment, cell membrane reseals provided the applied voltage was, although high enough to cause cell membrane permeabilization, still low enough not to cause irreversible permeabilization, hence permanent damage.
During our study, in vivo experiments were performed in order to prove the efficacy of electroporation for gene delivery in skin. 14 Moreover, a numerical model was made in order to describe theoretically the process of skin electropermeabilization. Tissue-electrode geometry, pulse parameters, and current/voltage measurements from the in vivo experiments were used to develop the model. When referring to its electrical properties, skin is a very intricate tissue due to its highly inhomogeneous structure. It consists of three main layers: epidermis (important in the immune response), dermis (gives firmness and elasticity), and subcutaneous tissue (mechanical stress absorber, thermo-insulating function). Skin epidermis is made up of different layers, but the one that defines its electrical properties the most is the outermost layer, the stratum corneum. Although very thin (typically around 20 lm), it contributes a great deal to the electrical properties of skin. Its low conductivity (three to four orders of magnitude lower than the conductivities of deeper skin layers) makes skin one of the least conductive tissues in the human body. 1, 25, 26 Therefore, in applications where electric pulses are applied externally, through skin, one might expect high (too high) voltage amplitudes needed in order to breach the highly resistive stratum corneum and permeabilize viable skin layers underneath. However, as the in vivo experiments show, the voltages needed for skin permeabilization are in the range of those needed in other, much more electrically conductive biological tissues. One thing we observed from current and past in vivo experiments was the nonlinear current/voltage dependence measured during pulse delivery, suggesting tissue conductivity changes during tissue electropermeabilization. Skin layers can be seen as serially connected resistors. Applying voltage on such a circuit (known as voltage divider) causes the voltage to be distributed between the resistors proportionally to their resistivities. Upon applying electric pulses on skin fold through external plate electrodes, almost the entire applied voltage thus rests across the highly resistive (poorly conductive) stratum corneum, which causes a very high electric field in that layer. At the same time, the electric field in deeper layers of skin-the layers targeted for gene transfection-stays too low for a successful electropermeabilization. This fact raises the question of how is a successful electroporation-mediated DNA delivery to the dermis and the viable epidermis still possible when external plate electrodes are used. We hypothesized that the answer lies in the increase in bulk conductivities of the skin layers during electroporation, a phenomenon that was also observed in vivo for other tissues. 11, 13, 21 This conductivity increase leads to a changed electric field distribution, which exposes the skin layers below stratum corneum to an electric field high enough for a successful permeabilization. To support this hypothesis, we described the process of skin electropermeabilization with a numerical model, taking into account skin's layered structure and the changes of its bulk electrical properties during the electropermeabilization.
Such a model provides a more in-depth understanding of the process of skin electropermeabilization and will, further improved, allow predicting the outcome of pulse delivery before the treatment, thus helping in optimizing/choosing the right pulse parameters and the development of electrode geometries.
MATERIALS AND METHODS

In Vivo Experiments
To demonstrate the effectiveness of electrogene transfer and localize gene expression in transfected skin, plasmid coding for a green fluorescent protein was used (pCMVGFP). It was injected intradermally into rat skin before the application of electric pulses. The animals were anesthetized. The skin on the back was shaved 1-2 days prior to the experiments and all hair was thoroughly removed in order to allow for better visualization of plasmid injection and the area to be electroporated. For pulse delivery, we used the square-wave electropulsator Cliniporator (IGEA, Carpi, Italy). The electric pulses were delivered using two parallel, stainless-steel plate electrodes of 0.5 mm thickness and 4 mm distance (IGEA, Carpi, Italy). The area of the electrodes in contact with skin was about 1 · 1 cm 2 . To assure good contact between the skin fold and the electrodes, a conductive gel (EKO-GEL, ultrasound transmission gel, Egna, Italy) was applied. During the electric pulse, the actual current delivered and the applied voltage were acquired by the Cliniporator and stored on computer. Two days after the electroporation, the rats were sacrificed and the electroporated skin areas were excised. To assess the pCMVGFP expression, the epidermal and the dermal side of the samples were observed without fixation or freezing with a confocal microscope.
Numerical Calculations
Electric field and reaction current calculations were made by means of commercially available software COMSOL Multiphysics 3.3 (COMSOL, Los Angeles, CA, USA) based on finite element method. This method solves partial differential equations by dividing the model into smaller elements where the quantity to be determined is approximated with a function or is assumed to be constant throughout the element. Finite elements can be of different shapes and sizes, which allows modeling of intricate geometries. Inhomogeneities and anisotropies can also be modeled and different excitations and boundary conditions can be applied easily. The mesh of the model was set denser around the electrodes and in the thinner skin layers. As a result, the number of finite elements was very high, so only a quarter of the geometry was modeled. The simplification was possible due to the symmetry of the geometry by applying appropriate boundary conditions.
RESULTS AND DISCUSSION
In Vivo Experiments
To prove the efficacy of electroporation for gene delivery in skin and to localize the expression of a gene in skin after intradermal injection of plasmid, followed by electroporation, a plasmid coding for GFP was used as a reporter gene. To assess the expression, we used a confocal microscope. The results in Fig. 1 show some autofluorescence of hair follicles in the control group where no electroporation was used (Fig. 1a) . However, when applying electric pulses after intradermal injection of the plasmid, the expression of GFP was greatly enhanced (Fig. 1b) . The location of GFP expression shows that, even by applying electric pulses through external plate electrodes, we successfully breached the highly resistive stratum corneum thus permeabilizing deeper layers of skin (dermis and epidermis).
Geometry of the Numerical Model
In order to get a theoretical insight into the process of in vivo electropermeabilization of skin, we made a numerical model of a skin fold, making the geometry as close to the in vivo experimental tissue-electrode setup as possible. Four layers of skin were modeled: stratum corneum, epidermis, dermis, and the subcutaneous layer (fat and connective tissue). The electric pulses were applied on the skin with plate electrodes pressed against the skin and were modeled as a boundary condition. The distance between the electrodes was 4 mm and the area in contact with skin was 1 cm 2 (the same as during the in vivo experiments). However, to account for the presence of the conductive gel used in experiments in order to assure good contact between the skin and the electrodes, the voltage boundary condition was set somewhat beyond the size of the electrodes. The geometry of our numerical model is shown in Fig. 2 . By taking advantage of its symmetry, only a quarter of the whole geometry can be modeled as to avoid numerical problems due to the complexity of the model and computer memory limitations. The cutting planes through which the skin fold was cut into quarters, are shown in Fig. 2a . Boundary conditions on the section planes cut through the middle of the geometry had to be set as shown in Fig. 2b . The thickness of the stratum corneum in the model was set larger than in real skin (around 6 times). Namely, due to the large differences in layer thicknesses, numerical problems can occur that render the calculation impossible. To make up for the stratum corneum being modeled thicker than it is, the conductivity of this very resistive layer was also set higher (6 times).
As the experiments showed, the epidermis and the dermis were transfected, indicating that the electric field was high enough in those layers, due to the rise in electrical conductivity of the stratum corneum. Therefore, our numerical model was made nonlinear, the electric field distribution (the model output) depending on the changes in the electrical conductivity of the tissues involved (model input parameters).
Parameters of the Numerical Model
With the model presented we explained the nonlinear process of skin electropermeabilization from the aspect of bulk conductivity changes. Other processes, such as the resealing process during and after pulsing, or the electrophoretic aspect of the electric pulsing were not modeled.
During the finite model analysis, tissue conductivities were changed according to the electric field distribution throughout the model. The process of tissue electropermeabilization was thus modeled in discrete time steps. In each step, the current solution was used to look for the areas where the electric field was above the pre-defined threshold. The conductivity of those areas was changed (increased) and the next step of the modeled electropermeabilization process was computed. This process was repeated until the electric field distribution reached its steady state. That is, when there were no more areas in which the electric field was above the predefined threshold. Also, once the conductivity was increased in a given area, it could not be changed back to its lower value in the following steps, even if the electric field strength should drop below the threshold due to changed conductivities. We got the electrical conductivity values and their changes during electroporation from literature and experiments, as well as the electric field values above which tissues are permeabilized. [4] [5] [6] [7] [15] [16] [17] [18] 25, 26 However, getting these values was a difficult task, due to the lack of measurements in this field.
Exactly how tissue conductivities (r) change with electric field (E) is another unknown of tissue electropermeabilization. The simplest of the dependences is the step function, where, once the electric field threshold is reached, the conductivity changes from its low to its high value. However, a kind of a gradual increase of the conductivities seems more ''natural.'' Namely, due to the non-uniformity of the cell size and shape in the tissue, not all the cells are permeabilized at the same time once the threshold electric field is reached. In our model, the conductivities were increased from their low to their high values in four steps. The conductivity steps for all the skin layers followed an exponential dependence between 60,000 and 140,000 V/m of the electric field strength. For illustration, Fig. 3 shows the r(E) dependence used to model the electropermeabilization of the dermis and the epidermis (excluding its outermost layer, the stratum corneum). The dependences used for the stratum corneum and the subcutaneous layer are not shown. Conductivity increases of all skin layers modeled are summarized in Table 1 . Although the dermis and the epidermis were modeled as separate layers, the same conductivity was assigned to both, due to the lack of impedance data on different skin layers.
In Vivo Experiments-Numerical Model Comparison
During our in vivo experiments we tested different amplitudes of the permeabilizing electric pulse. Five different voltage amplitudes were used to permeabilize the skin: 160, 280, 400, 520, and 700 V. During the pulse, the voltage between the electrodes and the current through the skin fold were measured by the Cliniporator and stored on computer. The finite element model of skin electropermeabilization was solved at all five voltages used and the reaction currents obtained from the model were compared to our experimental data. Figure 4 shows the currents computed by the model compared to the currents measured in vivo during the pulse. A good agreement can be observed. Further, the current/voltage dependence given by our model exerts the same nonlinearity as observed from the in vivo data, suggesting that the approach we used to describe the process explains well the nonlinear nature of skin electropermeabilization. Electric field distributions of the skin fold, represented with slice plots in 3D for the applied voltages 280 V and 400 V (the voltages resulting in a successful gene transfection in vivo), are presented in Fig. 5 . The figures show only one quarter of the geometry, as only a quarter of the skin fold was modeled, taking advantage of the geometrical symmetry. Figure 5a shows the electric field distributions at the beginning of the process, when all the tissues still have their initial conductivities. For both pulse amplitudes, 280 V and 400 V, we can observe a very high electric field in the stratum corneum, while the electric field in deeper layers is still below the permeabilization threshold. Further, the electric field distributions at the end of the electropermeabilization process at 280 V and 400 V are shown in Fig. 5b . The figures show the area between the electric field strength of 600-1400 V/cm, that is, in the range where the conductivity increase was predicted in the model (blue to red colors). In the non-colored areas the electric field was either below the 600 V/cm (the areas further away from the electrodes), or above 1400 V/cm (low conductive subcutaneous tissue and the topmost part of the skin fold, near areas shown in red). Dividing the applied voltage with the distance between the electrodes (4 mm), we get the approximate electric field between the plates, which, in the case of 160 V, results in 400 V/cm; 280 V corresponds to 700 V/cm, and so on. According to literature, 13,23 the approximate threshold for skin electropermeabilization is somewhere above 400 V/cm. The electric field distributions in Fig. 5 suggest that most of the dermis and the epidermis, as predicted by our model, is subjected to electric field above that value. Here we need to be aware that the region of our interest is the topmost part of the skin fold, where, during the in vivo experiments, the plasmid was injected intradermally. In fact, the voltage amplitudes of 280 V and 400 V result in a successful gene expression in skin, which seems to be confirmed by the model. In vivo experiments showed a lower expression when 160 V was used, which is in agreement with the model, showing too low an electric field in the dermis and the epidermis at 160 V (data not shown). Further, when using higher voltages (520 V or 700 V), the in vivo gene expression was lower due to the irreversible membrane permeabilization hence lower cell viability caused by high electric fields. Indeed, the high electric field values given by the model for those voltages suggest an irreversible tissue permeabilization (data not shown).
CONCLUSION
We studied the effectiveness of electroporation for DNA electrotransfer in skin. During in vivo experiments, a plasmid coding for GFP was used to localize gene expression in the skin after intradermal injection of the plasmid, followed by electroporation. The expression was assessed with a confocal microscope. Indeed, a significantly higher gene expression was observed when electric pulses were used after the intradermal injection of the plasmid. Furthermore, the location of GFP expression shows that we successfully permeabilized deeper layers of skin (dermis and epidermis). Theoretically, the ratios of the conductivities of the skin layers suggest that the highest voltage drop rests across the stratum corneum, while the electric field in the layers targeted for gene transfection (the dermis and the viable epidermis) is too low for a successful permeabilization (see Fig. 5a ). However, due to the nonlinear nature of tissue electropermeabilization, electric pulses delivered to skin through external plate electrodes breach the highly resistive stratum corneum thus permeabilizing the layers underneath. Namely, electrical conductivities of tissues subjected to electric pulses increase. As a result, the electric field ''penetrates'' deeper into the skin and permeabilizes target cells (see Fig. 5b ). The nonlinear nature of the process was suggested by the current/voltage data measured during the in vivo experiments. Increase in pulse amplitude leads to higher reaction currents and electric field in the tissue, however, the increase is not linear. Our numerical model describes this nonlinear process in discrete time steps, using the finite element method. Other processes, such as the resealing process during and after pulsing, or the electrophoretic aspect of the electric pulsing, were not modeled. Also, some simplifications of the geometry were necessary due to its complexity. Electropermeabilization of the skin fold was modeled as an irreversible phase transition problem. The electric field distribution was computed in discrete time steps that represent stages of conductivity changes in tissues during electropermeabilization. The output of the model was compared to the current and the voltage measured during experiments and a good agreement was obtained (Fig. 4) . Also, the current/ voltage dependence given by our model exerts the same nonlinearity as observed in vivo. Further, the voltage amplitudes suggested by the model to cause a successful electropermeabilization coincide well with our in vivo results and are in the range of those reported by other authors.
The accuracy of a numerical model depends on many factors. First, the geometry of the model needs to be as close as possible to the in vivo geometry. Second, the parameters such as conductivities of permeabilized and non-permeabilized tissue and electropermeabilization thresholds all have an effect on the output of the model. However, data on virtually all these parameters, except the conductivities before the electropermeabilization, are very scarce in the literature, sometimes non-existent. Namely, the subject of tissue conductivity changes due to electroporation described in this paper is still a rather unexplored area. In addition, due to different measuring circumstances, measuring techniques and animal species used by different researchers, large discrepancies can be found in the reported data on tissue conductivities. Therefore, certain inaccuracies could not be avoided in the numerical model presented. In our future work we intend to establish the level of confidence in such a model with a parameterization study. Further, we plan to improve the model by gathering more data on conductivity changes during skin electropermeabilization. Nevertheless, the model presented in this paper serves as a proof of principle of the tissue electroper-meabilization propagation beyond the initial conditions dictated by the tissue initial conductivities.
